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ABSTRACT
We present Keck-I MOSFIRE near-infrared spectroscopy for a sample of 13 compact star-forming
galaxies (SFGs) at redshift 2 ≤ z ≤ 2.5 with star formation rates of SFR ∼ 100 M⊙ y
−1 and masses
of log(M/M⊙) ∼ 10.8. Their high integrated gas velocity dispersions of σint= 230
+40
−30 km s
−1, as
measured from emission lines of Hα and [O iii], and the resultant M⋆−σint relation and M⋆−Mdyn all
match well to those of compact quiescent galaxies at z ∼ 2, as measured from stellar absorption lines.
Since log(M⋆/Mdyn) = −0.06 ± 0.2 dex, these compact SFGs appear to be dynamically relaxed and
more evolved, i.e., more depleted in gas and dark matter (<13+17−13%) than their non-compact SFG
counterparts at the same epoch. Without infusion of external gas, depletion timescales are short,
less than ∼300 Myr. This discovery adds another link to our new dynamical chain of evidence that
compact SFGs at z & 2 are already losing gas to become the immediate progenitors of compact
quiescent galaxies by z ∼ 2.
Subject headings: galaxies: starburst — galaxies: photometry — galaxies: high-redshift
1. INTRODUCTION
The formation scenario for the first massive qui-
escent galaxies is still unclear. While observations
report a rapid increase in the number density of
massive galaxies with suppressed star formation
rates (SFRs) since z ∼ 3 (Brammer et al. 2011;
Whitaker et al. 2011; Muzzin et al. 2013), other
surprising results, such as their remarkably small
(∼1 kpc scale) sizes (Trujillo et al. 2007; Buitrago et al.
2008; van Dokkum et al. 2008; Cassata et al. 2011;
Szomoru et al. 2012) and their large velocity dis-
persions (van Dokkum et al. 2008; Toft et al. 2012;
Newman et al. 2013a; van de Sande et al. 2013;
Bezanson et al. 2013; Belli et al. 2014a) in compar-
ison with local galaxies of the same stellar mass, pose
a puzzle as to which galaxies are their immediate star-
forming progenitors. Given that galaxy structure and
kinematics appear to be more robust and stable prop-
erties than luminosity or SFR (e.g., Franx et al. 2008;
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Wake et al. 2012; Bell et al. 2012; Cheung et al. 2012),
it is unlikely that the typical massive SFGs at z ∼ 2,
which consist mostly of extended disks (Wuyts et al.
2011b; Buitrago et al. 2013) with irregular, sometimes
clumpy, morphologies and have high rotational veloc-
ities (Elmegreen et al. 2004; Elmegreen & Elmegreen
2005; Genzel et al. 2008, 2012; Law et al. 2009, 2012;
Fo¨rster Schreiber et al. 2009, 2011; Wuyts et al. 2012;
Swinbank et al. 2012a,b; Guo et al. 2012) are the pro-
genitors of compact quiescent galaxies. Instead, it is
more plausible that their precursors are similarly com-
pact SFGs. These compact SFGs probably formed in
strongly dissipative gas-rich processes, such as mergers
(Hopkins et al. 2006; Naab et al. 2007; Wuyts et al.
2010) or accretion-driven disk instabilities (Dekel et al.
2009; Dekel & Burkert 2014; Ceverino et al. 2010)
which contracts the galaxy, producing a compact,
dispersion-dominated, remnant (Dekel & Burkert 2014).
A crucial step forward in determining whether the lat-
ter scenario is at work is the recent discovery of a pop-
ulation of massive (log(M/M⊙) > 10.3), compact dusty
SFGs at z & 2 (Wuyts et al. 2011b; Barro et al. 2013;
Patel et al. 2012; Stefanon et al. 2013). In Barro et al.
(2013, 2014) we showed that compact SFGs have dust-
obscured spectral energy distributions (SEDs) character-
ized by bright IR fluxes (∼70% and 30% are detected
by Spitzer and Herschel in the far IR) that, nonethe-
less, translate into seemingly normal SFR ∼ 100 −
200 M⊙ y
−1, different from those of extreme submillime-
ter (sub-mm) galaxies (Bothwell et al. 2013; Toft et al.
2014). Structurally, they present centrally-concentrated,
spheroidal morphologies and high Se´rsic indices consis-
tent with those of compact quiescent galaxies, and they
follow a similar mass-size relation. In addition, we found
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Fig. 1.— Left panel: SFR–mass diagram for all galaxies in the parent galaxy catalog in GOODS-S and -N at 2 < z < 3. The checkered
gray scale illustrates the location of the star-forming main sequence. The solid and dashed-dotted lines depict the best fit and 1 σ scatter
to the massive end (log(M/M⊙)>10 ) of the main-sequence. The 13 compact and 67 extended SFGs observed with NIR spectroscopy are
shown in blue and cyan colors, respectively. X-ray detected galaxies are indicated with a white star symbol. The red star depicts the
galaxy in common with Belli et al. (2014b, see § 4.3). The dashed line illustrates the selection threshold in sSFR (log(sSFR)< −1 Gyr−1).
The red markers show the quiescent population . Right panel: mass–size distribution for the same galaxies in the left panel. The dashed
line illustrates the compactness threshold (Σ1.5 = 10.4 M⊙kpc−1.5). The green line shows the expected location of galaxies with constant
velocity dispersion σ = 250 km s−1, as inferred from Equation 3, assuming Mdyn=M⋆. These panels illustrate our selection criteria
for compact SFGs aimed at identifying normal main-sequence SFGs following a more compact mass-size relation, similar to that of the
quiescent population.
that the observed number density of compact SFGs can
reproduce the build up of the compact quiescent popu-
lation since z ∼ 3, if they quench star-formation in a few
108yr. This led us to propose an evolutionary picture in
which compact SFGs are formed from larger SFGs as a
result of gas-rich processes (mergers or disk-instabilities)
that induce a compact starburst which quench on dynam-
ical timescales fading into a compact quiescent galaxy. So
far the similarities between compact SFGs and quiescent
galaxies are already very encouraging. However, they are
based on photometric and structural properties and thus
have yet to be verified from kinematic data to confirm
the connection.
This paper presents near-IR (NIR) spectroscopic
follow-up of a sample of massive compact SFGs at
2 ≤ z ≤ 3 presented in Barro et al. (2013,14)
to measure their kinematic properties and compare
them against those of compact quiescent galaxies to
test whether they support the picture of a rapid fad-
ing into the red sequence. We also estimate stel-
lar and dynamical masses for compact SFGs to infer
their gas fractions and gas depletion timescales, and
we analyze their stacked spectra for signs of outflow-
ing gas. While several other surveys have already pre-
sented emission line measurements and kinematic prop-
erties for SFGs at z & 1.5 (Erb et al. 2006; Law et al.
2007; Law et al. 2009; Fo¨rster Schreiber et al. 2009;
Epinat et al. 2012; Newman et al. 2013b; Masters et al.
2014; Buitrago et al. 2014; Williams et al. 2014), this is
the first observational effort to target specifically mas-
sive, yet small, compact SFGs, which may be notoriously
missing in those surveys.
Throughout the paper, we adopt a flat cosmology with
ΩM=0.3, ΩΛ=0.7 and H0 = 70 km s
−1 Mpc−1 and we
quote magnitudes in the AB system.
2. DATA & SAMPLE SELECTION
Our targets are compact SFGs at z & 2 to be mea-
sured for kinematic properties using their emission lines.
These galaxies, first identified in Wuyts et al. (2011b)
and Barro et al. (2013), have been proposed to be the
immediate precursors of compact quiescent galaxies at
z ∼ 2 as they share structural properties while spanning
a range in SFRs, from main-sequence to almost quenched
(Barro et al. 2014).
2.1. Photometric data, stellar properties and SFRs
We select galaxies from the CANDELS (Grogin et al.
2011; Koekemoer et al. 2011) WFC3/F160W (H-band)
multi-wavelength catalogs in GOODS-S, GOODS-N and
COSMOS (Guo et al. 2013; Barro et al. in prep.;
Nayyeri et al. in prep.). The galaxy spectral
energy distributions (SEDs) include extensive multi-
band data ranging from the UV to the near-IR.
We also include complementary mid-IR photometry in
Spitzer/MIPS 24 and 70 µm (30 µJy and 1 mJy,
5σ) from Pe´rez-Gonza´lez et al. (2008), and far-IR from
the GOODS-Herschel (Elbaz et al. 2011) and PEP
(Magnelli et al. 2013) surveys. For each galaxy, we fit
photometric redshifts using EAzY (Brammer et al. 2008)
and calculate stellar masses using FAST (Kriek et al.
2009) assuming Bruzual & Charlot (2003) stellar pop-
ulation synthesis models, a Chabrier (2003) initial mass
3function (IMF) and the Calzetti et al. (2000) dust extinc-
tion law with attenuations ranging between 0 < AV < 4.
We assume an exponentially declining star formation his-
tory with timescale τ and age t. Following Wuyts et al.
(2011a) we impose a soft constraint on the minimum e-
folding time (log τ > 8.5) to obtain better agreement
between different SFR indicators (see below). Age are
allowed to vary over the range 10 Myr < t < tH , where
tH is the age of the universe at the given redshift.
We follow the method of the SFR-ladder as described
in Wuyts et al. (2011a) to obtain consistent SFRs over a
broad dynamic range. In brief, for galaxies detected at
mid-to-far IR wavelengths (i.e., Spitzer/MIPS and Her-
schel/PACS) we compute the total SFR by adding the
unobscured and obscured star formation, traced by the
UV and IR emission, respectively, following Kennicutt
(1998, see also Bell et al. 2005).
SFRUV+IR = 1.09×10
−10(LIR+3.3L2800)[M⊙/yr] (1)
where LIR is the total IR luminosity (LIR ≡ L(8 −
1000 µm)) derived from the fit to Spitzer and Her-
schel data, and L2800 is estimated from the best fit-
ting SED template. The normalization factor corre-
sponds to a Chabrier (2003) IMF. For galaxies unde-
tected in the IR (SFRIR+UV . 30 M⊙ y
−1) we correct
SFRUV for extinction using the attenuation derived from
the best-fit SED model. This method has been shown
to provide consistent SFR estimates down to very low
sSFR levels (log(sSFR)> −1 Gyr−1; Wuyts et al. 2011a;
Fumagalli et al. 2013; Utomo et al. 2014). In practice,
we used SFRIR+UV for all compact SFGs described in
the next section, as they are all detected in MIPS 24 µm
and ∼ 30% in PACS.
X-ray source identifications and total luminosities
(LX ≡ L0.5−8kev) were computed for the sources identi-
fied in the Chandra 4 Ms and 2 Ms catalogs in GOODS-
S (Xue et al. 2011) and GOODS-N (Alexander et al.
2003), respectively.
The shape of the two-dimensional surface brightness
profiles measured from the HST/WFC3 F160W image
were modeled using GALFIT (Peng et al. 2002). The
effective (half-light) radius and the Se´rsic index, n are
determined using a single component fit. Position depen-
dent point spread functions (PSFs) are created and pro-
cessed with TinyTim (Krist 1995) to replicate the condi-
tions of the observed data when fitting light profiles. The
method and the catalog of morphological properties are
fully described in van der Wel et al. (2012). The stellar
and star-formation properties have been previously used
in several other papers (Wuyts et al. 2011b; Barro et al.
2013, 2014; Trump et al. 2013; Guo et al. in prep.).
2.2. Selection of compact and extended SFGs
We select compact SFGs following the method de-
scribed in Barro et al. (2013, 2014). Briefly, we re-
quire galaxies to be star-forming by having log(sSFR)>
−9.5 Gyr−1, roughly the mass doubling time (1/tH)
at z ∼ 2. We define compactness using a
threshold in pseudo stellar mass surface density of
Σ1.5 =log(M/r
1.5
e ) > 10.4 M⊙kpc
−1.5. Figure 1 illus-
trates this selection showing the location of the 13 com-
pact SFGs (blue circles) observed with MOSFIRE over-
laid in the SFR-mass and mass-size diagrams for galaxies
more massive than log(M/M⊙)> 9 at 2 < z < 3 in the
CANDELS GOODS-N and -S catalogs. The compact-
ness criterion selects SFGs that follow a mass-size re-
lation similar to that of the quiescent population. As
shown in Newman et al. (2012, see also Cassata et al.
2013; van der Wel et al. 2014), quiescent galaxies follow
a tight mass-size relation with a slope, α ∼ 1.5, that
remains constant with redshift, and a mass-normalized
radius that evolves with (1+z)0.025.
In order to discuss the properties of compact SFGs in
the general context of SFGs at z ∼ 2, Figure 1 shows
a sample of 67 extended SFGs (Σ1.5 < 10.4; cyan cir-
cles), also observed in our MOSFIRE survey, and other
SFGs at z & 1.4 − 2.5 drawn from Erb et al. (2006),
Fo¨rster Schreiber et al. (2009), Maseda et al. (2013) and
Masters et al. (2014). It is clear from the figure that,
while compact SFGs lie in the same locus of the SFR-
mass diagram as other SFGs, they occupy a distinct re-
gion of the mass-size diagram under-represented in pre-
vious surveys of SFGs. For simplicity, in the remainder
of the paper we use the term extended SFGs to describe
both our extended SFGs and those from the reference
samples, which also have Σ1.5 < 10.4.
3. MOSFIRE NIR SPECTROSCOPY
We conducted NIR spectroscopic observations in
GOODS-S using the new multi-object spectrograph
MOSFIRE (McLean et al. 2010, 2012) on the Keck-I
telescope. The data were taken in 4 runs on September
14 − 15, October 10 2012, December 25 − 28 2013 and
January 1 − 2 2014. We observed a total of 8 masks in
H−band (1.46 < λ < 1.81 µm) and 3 masks in K−band
(1.93 < λ < 2.41 µm), with exposure times ranging be-
tween 50 − 120 minutes, and 40 − 100 minutes, respec-
tively. Overall, the weather conditions were excellent
with seeing ∼ 0.′′4−0.′′6 and good transparency in all the
masks except 2 in the K−band, for which the seeing was
poor (&1”) and there were partial clouds. We used the
same observational configuration for all masks: 2-point
dithers separated by 1.′′5 and slit widths of 0.′′7. The in-
strumental resolution of MOSFIRE with 0.′′7 slit widths
is approximately R = 3200 (∼5 A˚ per resolution ele-
ment). 2D spectra were reduced, sky subtracted, wave-
length calibrated, and one-dimensionaly extracted using
the public MOSFIRE data reduction pipeline (Konidaris
in prep.). Redshifts were found using the Specpro soft-
ware (Masters & Capak 2011). We also include in this
paper SFGs observed as a part of the TKRS2 survey,
which observed the GOODS-N field in the J , H and K-
bands in 3 runs on December 27 and Januray 14 2012,
and May 3 2013 (see Wirth in prep. for details on the
overall target selection and observing strategy), and 1K-
band mask in COSMOS observed for 60min in March 14
2014 (PI: Finkelstein). The data were reduced following
the same procedure as in our main program.
Overall each MOSFIRE mask includes 25 galaxies out
of which only a small fraction are discussed in this pa-
per. Our primary targets are 13 compact SFGs and 67
extended SFGs at z = 1.8−2.4. The latter were selected
to study the excitation properties of AGNs and the kine-
matic properties of clumpy SFGs (see Trump et al. 2013
and Guo et al. 2014 in prep. for more details on these
galaxies). Here we used those galaxies mostly for com-
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Fig. 2.— 2D MOSFIRE H− and K− spectra of the 13 compact SFGs jointly with their 3”×3” ACS/WFC3 zJH color composite postage
stamps. Compact SFGs have strikingly red rest-frame UV-optical colors due to their high dust obscuration. The green dashed lines indicate
the most prominent emission lines, either Hα and/or [O iii] and Hβ with increasing wavelength to the right (see also Figure 3 for more
details). Compact SFGs are barely resolved in the spatial direction. Only 17409 and 14548 show a hint of resolved kinematics. The
measured σint and the X-ray detected galaxies are indicated in the text.
parison purposes to illustrate the differences relative to
compact SFGs.
4. DYNAMICAL PROPERTIES OF COMPACT SFGS
4.1. Kinematic measurements
Here we assume that the emission-line velocity disper-
sions are primarily due to the motion of the gas in the
gravitational potential of the galaxy. Nevertheless, in the
following sections, we also discuss the possible caveats in
this assumption due to the presence of an AGN or to
the effects of turbulence and outflows. The integrated
velocity dispersion, σint, can be determined for all galax-
ies because it requires only a measurement of the width
of the emission line. It is therefore the most straight-
forward and useful kinematic quantity. Note that, even
in the best seeing conditions (∼ 0.′′4), compact SFGs are
barely resolved in the spatial direction (Figure 2, see also
§ 4.6). Thus σint could represent either the intrinsic σ of
the galaxy, the collapsed vrot of a small rotating disk or
a combination of the two.
We determine the one-dimensional velocity dispersion
by fitting a Gaussian profile to each emission line, mea-
suring its FWHM, and subtracting the instrumental
broadening in quadrature from the FWHM (following
Weiner et al. 2006 and Kassin et al. 2007). The instru-
mental broadening is measured from the widths of sky-
lines and is 2.7A˚ (in the observed frame). The ve-
locity dispersion is then the corrected FWHM divided
by 2.355. The whole sample of compact SFGs con-
sists of 13 galaxies with velocity dispersions ranging
from σint= 140 − 400 km s
−1 and an average value of
σint= 230
+40
−30 km s
−1. For the 67 extended galaxies,
the velocity dispersions are typically lower, ranging from
σint= 66 − 150 km s
−1. Many of the extended galaxies
are spatially resolved at the average seeing of the obser-
vations, and thus their rotational and dispersion com-
ponents can be estimated from the 2D spectra. These
results will be presented in Guo et al. (2014 in prep.)
and Simons et al. (2014 in prep.). Here we adopt the
σint values to provide a homogeneous kinematic measure-
ment for all galaxies.
4.2. Kinematics of AGN hosts
More than half of the compact SFGs are detected in the
X-rays (7/13), and have large X-ray luminosities LX >
1043 erg/s which suggest the presence of an AGN. This
could cause a potential bias on the measured linewidths,
as AGN-ionized gas in the ”narrow line region” (NLR)
is typically dominated by emission nearer the center of
a galaxy. Even though this gas is usually dominated by
the gravitational potential of the galaxy rather than the
AGN itself, it has broader velocities than gas at the larger
effective radius.
The 7 X-ray detected galaxies, however, do not have
systematically broader velocity dispersions than the X-
ray undetected galaxies. Instead, their median σint=
200 km s−1, fully consistent with that of the non X-
ray detected compact SFGs. This is perhaps unsur-
prising, as their X-ray luminosities are roughly at the
detection threshold of the X-ray data at z ∼ 2 − 3,
rather than at large, QSO-like, values (LX > 10
44 erg/s).
We also find no evidence for UV or IR excess in the
IRAC bands ([8.0]/[3.6] . 1.3; Donley et al. 2007, 2012)
as a result of the AGN emission and, for the 5 Her-
schel/PACS detected galaxies, the median far-IR colors,
[160]/[24] = 40, are fully consistent with star-formation
(Kirkpatrick et al. 2013; Barro et al. 2014). The only
exception is galaxy 10289 which appears to have an ele-
vated 8 µm flux indicative of hot dust emission near the
AGN (we discuss this galaxy in the next section). Over-
all, these tests suggest that the AGN does not have a
strong effect on the SED or the line widths inferred from
it.
The ratios between partially ionized forbidden lines
and recombination lines also suggest that compact SFGs
are not strongly AGN-dominated. While we only have
both [O iii]/Hβ and [N ii]/Hα for one galaxy to cal-
culate the full BPT diagram (Baldwin et al. 1981), we
do have [N ii]/Hα alone for all but 2 galaxies. If we
combine this [N ii]/Hα with a conservative, but ele-
vated, [O iii]/Hβ ∼ 5, similar to values reported in
recent papers (Trump et al. 2011; Holden et al. 2014;
Steidel et al. 2014), these galaxies would lie predomi-
nantly in the mixed AGN - star forming region with
0.2≤[N ii]/Hα≤1 values (see Table 1). Only 2 galax-
ies present [N ii]/Hα ratios significantly larger than one
(25998 and 4374), and both of them are clearly de-
tected by Herschel indicating on-going star formation.
In fact, 4374, which presents the largest σint of the
sample, is a sub-mm galaxy (see e.g., Laird et al. 2010;
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Fig. 3.— 1D MOSFIRE H− and K− spectra of the 13 compact SFGs. Their ID, σint, and detection in the X-rays is indicated. The
gray line shows the collapsed 1D spectra extracted from the 2D spectra shown in Figure 2. The red line shows the binned 1D spectra. The
dashed lines indicate the most prominent emission lines in the observed spectral range. The last row shows the spectra of the galaxy in
common with the sample of quiescent galaxies of Belli et al. (2014b).
Micha lowski et al. 2012)
Interestingly, even if the emission lines are partially fu-
eled by the AGN rather than star-formation, these galax-
ies are so compact that the AGN narrow line region
(NLR) probably corresponds to the whole galaxy. For
example, Bennert et al. (2002) show that the size of the
NLR correlates with the [O iii] luminosity, reaching sizes
rNLR > 1 kpc for L[OIII] ∼ 10
43 erg/s, which is consistent
with the expected values for these strongly star-forming
galaxies with enhanced [O iii]/Hβ ratios. Therefore their
linewidths are still good tracers of the potential well.
4.3. Kinematics of Compact SFGs and Quiescent
galaxies
In order to study whether the similarities between
compact SFGs and quiescent galaxies extend beyond
their stellar masses and structural properties, Figure 4
compares the integrated kinematics vs. mass for both
populations. Quite remarkably, compact SFGs occupy
the same region of the diagram, following a similar
M⋆−σint relation over more than 1 dex in stellar mass,
as that of a compilation of compact quiescent galaxies at
1.5 ≤ z . 2 drawn from van de Sande et al. (2013) and
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Fig. 4.— Distribution of σint vs. M⋆ for compact (blue) and ex-
tended (cyan, and gray for other references) SFGs with MOSFIRE
spectra. AGN hosts are indicated with white stars. The red star
depicts the galaxy in common with Belli et al. (2014b). The error
bars in the bottom-right corner indicate the average uncertainty in
σint and M⋆ for compact and extended SFGs. Compact SFGs and
quiescent galaxies occupy the same region of the diagram present-
ing a similar M⋆−σint correlation (solid line) with a tight scatter
(∆log(σint)=0.14 dex; dashed lines) over ∼1 dex in stellar mass.
Belli et al. (2014a,b). The σint values in quiescent galax-
ies are measured from absorption lines and therefore use
stars instead of gas as a tracer of the gravitational poten-
tial. This could potentially introduce systematic offsets
if gas and stars present different motions due to shocks
or turbulence, or if they are located in different regions
of the galaxy. However, the striking similarity in the
distribution of both populations suggest that compact
SFGs are in fact kinematically relaxed (i.e., σint traces
the gravitational potential) and their integrated proper-
ties match those of quiescent galaxies.
Obtaining more conclusive evidence of the matching
kinematic properties of compact SFGs and quiescent
requires comparing emission and absorption line mea-
surements of the same galaxies. This is observationally
very challenging because: a) it requires long integra-
tions to detect absorption lines at z ∼ 2, and b) absorp-
tion surveys target only quiescent galaxies without emis-
sion lines. However, recent observations by Belli et al.
(2014b) present absorption line kinematics for one com-
pact SFGs in our sample (10289; marked with a red
star in all Figures), and the dispersion values are con-
sistent within the 1σ errors, σabs = 312± 65 km s
−1 vs.
σint = 357±213 km s
−1. The uncertainty in the emission
line measurement is larger due to the shorter integration
time and the likely dusty nature of the galaxy. However,
the Hα broadening is apparent in both the 2D- and 1D-
spectra, and the peak of the emission line lies clearly
between the strong sky lines (Figures 2 and 3). The
galaxy presents a IR-excess at λrest = 3 µm, likely com-
ing from the AGN, that suggests that the IR-based SFR
is overestimated. Nevertheless, the SED-fit also suggests
an elevated dust extinction (AV = 2.0) and a UV-based
SFR=80 M⊙ y
−1above the sSFR selection threshold for
SFGs.
Figure 4 also reveals that extended SFGs tend to
deviate from the M⋆−σint relation of compact galaxies
having larger σint at a given stellar mass, particularly
at log(M/M⊙).10. The black line shows the best-fit
M⋆−σint relation for compact SFG and quiescent galaxies
(log(σint)=(1.91±0.07)+(0.49±0.04)(log(M/M⊙)-10);
∆log(σint)=0.14 dex), which presents a steeper slope
than the local Faber-Jackson relation (Faber & Jackson
1976; Gallazzi et al. 2006), as also noted in Belli et al.
2014a. Extended (disk-dominated) galaxies, are often
represented in the M⋆−vrot, Tully-Fisher relation
(Tully & Fisher 1977). However, using a value that
accounts for both rotation and velocity dispersion,
such as σint , they can be shown together with other
galaxies in a more fundamental relation that is a
tracer of the total dynamical mass of the galaxy (e.g.;
Weiner et al. 2006; Kassin et al. 2007; Cappellari et al.
2013; Courteau et al. 2014). In that context, the trend
in low-mass extended SFGs could indicate, that σint is
not only gravitational (i.e., there are turbulent mo-
tions), or perhaps that σint overestimates the intrinsic
contributions from rotation and dispersion. Alterna-
tively, extended SFGs could indeed follow a shallower
M⋆−σint relation because they have different dynamical
masses than the more massive compact galaxies, i.e.,
they may have a larger contribution of dark matter or
gas mass to the gravitational potential, thus increasing
the velocity dispersion beyond the expected value if
Mdyn∼M⋆.
4.4. Dynamical Masses
In this section we make the operational assumption
that compact SFGs are dispersion dominated galaxies
in order to calculate dynamical masses. This is mo-
tivated by their elevated Se´rsic indices (n ∼ 3.4) and
the similarities in their structural and kinematic prop-
erties with compact quiescent galaxies (re ∼ 1.5 kpc;
axis-ratio∼0.75) for which this is the usual assumption
(although see van der Wel et al. 2011 and Chang et al.
2013 for evidence that some massive quiescent galaxies
may be disks).
For dispersion-dominated galaxies, a simple virial ar-
gument, allows one to relate the dynamical mass to its
velocity dispersion and effective radius, through a virial
factor, K, using
Mdyn(< re) = K
σ2intre
G
(2)
the value ofK depending on the mass density profile, the
velocity anisotropy, or the shape of the gravitational po-
tential (Courteau et al. 2014). Cappellari et al. (2006)
calibrated this value from surface brightness distribu-
tions and integral field kinematics of local ellipticals,
finding a Se´rsic dependent factor that ranges from K =
3.6− 2.5 for low (n = 2) and high (n = 5.5) Se´rsic galax-
ies, respectively. Similarly, Binney & Tremaine (2008)
show that a factor of K = 3.35 is appropriate for a
variety of geometries and mass-distributions. Here we
adopt K =2.5, widely used in the analysis of compact
quiescent galaxies at z ∼ 2 (e.g., Newman et al. 2012;
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Fig. 5.— Left: Stellar mass vs. dynamical mass the same galaxies shown in Figure 4. The markers and colors indicate the same. The
uncertainties add in quadrature a contribution from the statistical errors in size, stellar mass and σint and the systematic uncertainty
on the virial factor. We compare our measurements with the samples of intermediate and low mass SFGs in Maseda et al. (2013) and
Masters et al. (2014), and with the more massive galaxies in Erb et al. (2006) and the SINS survey (Fo¨rster Schreiber et al. 2009). The
arrow indicates the direction in which galaxies would move in the diagram as a function of a increasing virial constant K, σint or re.
Right: Same as left panel but focusing on the high-mass end and showing only the zJH color postage stamps of compact SFGs and the
distribution of compact quiescent galaxies drawn from van de Sande et al. (2013) and Belli et al. (2014a,b). Compact SFGs lie in the locus
of compact quiescent galaxies suggesting that not only they have similar Mdyn∼M⋆, but also consistent integrated kinematics (Figure 4)
and sizes (Mdyn∼σ
2
intre).
van de Sande et al. 2013, Belli et al. 2014a). We also
multiply by 2 the value obtained with Equation 2 (i.e.,
2K = 5) to indicate the total Mdyn instead of within re.
If we were to assume that compact SFGs are rotation-
dominated Equation 2 remains the same, but σint is used
to infer vrot making further assumptions on the geometry
and inclination of the galaxy. In general, the virial fac-
tor in that case can vary from K ∼ 2− 10 depending on
the available structural information. For spatially unre-
solved galaxies, the typical values range from K ∼ 3− 6
(e.g., Shapley et al. 2004; Erb et al. 2006; Maseda et al.
2013; Masters et al. 2014; also including the ×2 for the
total Mdyn) bracketing our value within a factor of a few.
We use the same value for our extended SFGs to have a
reference sample for which Mdyn is measured in the same
way. To account for the potential uncertainty in the as-
sumed kinematic properties of compact SFGs, we adopt
a conservative error in the virial factor of 33%.
Figure 5 compares the stellar and dynamical mass es-
timates for our sample of compact and extended SFGs,
and other references from the literature spanning a broad
range of stellar masses from log(M/M⊙)= 8 − 11. De-
spite the ∆log(M⋆/Mdyn)∼0.3 dex scatter, the evolu-
tion in log(M⋆/Mdyn) appears to be consistent with a
declining trend as a function of stellar mass. This is
clear in Figure 6 which shows the relative offset from
the 1:1 relation (i.e., the stellar mass fraction) rang-
ing from log(M⋆/Mdyn)= −0.57 dex (∼25%) at lower
masses to log(M⋆/Mdyn)= −0.36 dex (∼45%) in the most
massive galaxies of Fo¨rster Schreiber et al. (2009), and
log(M⋆/Mdyn)= −0.06
+0.21
−0.13 dex (87
+13
−18%) in compact
SFGs. This suggest that M⋆ is the main contributor
to the dynamical mass in compact SFGs, and thus they
have only small gas or dark matter fractions. Moreover,
the right panel of Figure 5 shows that, not only compact
SFGs and quiescent galaxies have similar integrated kine-
matics, but also similar, stellar-dominated, Mdyn , which
provides indirect evidence for the good agreement of their
re (Mdyn∼σ
2
intre).
Note that while the trend in Figure 5 depends on the
virial factor, our choice of K = 5 is typically larger
than the usual value adopted for extended SFGs (except
for the few low-mass dispersion-dominated galaxies in
Fo¨rster Schreiber et al. 2009; K = 6.7). Therefore, low-
ering K for compact SFGs, or increasing it for extended
SFGs, would only increase the relative difference, sug-
gesting that the mass dependence on log(M⋆/Mdyn) is
not an artifact of the virial factor.
4.5. Gas and dark matter fractions in compact SFGs
Assuming that σint is dynamical in origin, the off-
set between Mdyn and M⋆ can be interpreted as evi-
dence for other components contributing to the grav-
itational potential of the galaxy, such as dark matter
or gas (molecular and atomic): Mdyn = M⋆ + Mgas +
MDM. In the absence of more direct measurements of
the molecular gas content from CO or far-IR estimates
(e.g., Daddi et al. 2010a; Magdis et al. 2012) it is un-
clear what the breakout is between the two contribu-
tions. In § 4.5.1 we estimate the gas fraction if we as-
sume that the offset in Mdyn is mainly driven by the
gas content. This is a plausible assumption given that
galaxies at z ∼ 2 are known to have large gas reser-
voirs (Tacconi et al. 2010, 2013), and they could still
8be accreting gas from their parent halos (Keresˇ et al.
2005; Dekel & Birnboim 2006; Dekel et al. 2009). Fur-
thermore, if massive compact galaxies become the core
of local ellipticals (Bezanson et al. 2009), their dark mat-
ter fractions should be relatively small (∼10%; e.g.,
Cappellari et al. 2013). Nevertheless, given the assump-
tions above, the estimated gas fractions should be re-
garded as upper limits. In section 4.5.2 we also comment
on the contribution of dark matter to Mdyn from the pre-
dictions of theoretical simulations.
4.5.1. Inferred gas fractions
If the offset in Mdyn vs. M⋆ reflects primarily gas con-
tent, Figure 6 suggests that the gas fraction in SFGs
declines with stellar mass from Mgas/Mdyn∼ 0.73 in
low-mass galaxies to Mgas/Mdyn= 0.13
+0.17
−0.13 in compact
SFGs. This trend is roughly consistent with that of
Tacconi et al. (2013), based on CO observations, who
find a decrease in the gas fraction from Mgas/Mdyn= 0.60
to 0.35 in the stellar mass range log(M/M⊙)= 10.4−11.2.
However, at the high-mass end, our results are a factor of
∼2 smaller than the CO estimates (dashed-dotted green
line in Figure 6), as also noted by Fo¨rster Schreiber et al.
(2009) for the SINS sample. This difference can be par-
tially due to the large scatter and the systematic uncer-
tainties in the virial factor or the αCO conversion (e.g.,
Genzel et al. 2010). However, we speculate that it can
be caused by differences in the structural properties or
star-formation efficiencies of the galaxies.
Indeed, the estimated gas fractions from the
Kennicutt-Schmidt relation (KS) between the gas and
star-formation rate densities (Kennicutt 1998):
log(Mgas) = 8.715 + 0.71log(SFR) + 0.57log(re) (3)
implies that compact SFGs on the main-sequence, i.e,
those having similar SFRs and stellar masses as other
(extended) SFGs (Figure 1, also Barro+14), have lower
Mgas simply because their sizes are up to 5 times smaller.
Using the best fit to the massive (log(M/M⊙)> 10) main-
sequence shown in Figure 1 (0.41(log(M/M⊙)−10.5) +
1.8; see also Whitaker et al. 2013 for a similar result) we
estimate the gas fraction as a function of stellar mass and
size from Equation 3. The black lines in Figure 6 show
evolution of Mgas/Mdynfor the average size of extended
(re ∼ 3 kpc) and compact SFGs (re ∼ 1.5 kpc), suggest-
ing that the latter have ∼15% lower gas fractions than
the former. In fact, the prediction for compact SFGs,
Mgas/Mdyn= 0.10, is roughly consistent with the esti-
mate from the kinematic measurements.
Similarly, we can estimate the gas fraction following
the empirical KS relation from Tacconi et al. (2013).
In this case, the authors assume a log-linear relation,
which factors out the size dependence, to provide an esti-
mate of the star-formation efficiency (SFE) or gas deple-
tion timescale, ΣSFR/Σgas =SFR/Mgas=1/tdep ≡SFE.
Note however that the empirical relation depends on
the assumed value of αCO, which relates the observed
LCO to Mgas. In Tacconi et al. (2013) the authors use
the Milky Way conversion factor (αCO = 4.36) which
is appropriate for a broad range of normal SFGs be-
tween z ∼ 1 − 2 (Daddi et al. 2008; Daddi et al. 2010a;
Genzel et al. 2012). But this factor may be smaller in
galaxies with higher SFEs similar to local (U)LIRGs or
sub-mm galaxies (αCO . 1; Solomon & Vanden Bout
2005; Tacconi et al. 2008; Engel et al. 2010). Several
papers have indeed pointed out the presence of a pop-
ulation of more efficient “starburst” galaxies which are
typically identified by elevated SFRs above the aver-
age main sequence (Daddi et al. 2010b; Rodighiero et al.
2011; Genzel et al. 2010; Magnelli et al. 2012). In such
galaxies, the gas depletion timescales may change dras-
tically, decreasing from tdep = 0.7 Gyr in star-forming
disks (Tacconi et al. 2013; Magdis et al. 2012) to tdep =
0.2− 0.3 Gyr.
Interestingly, the fraction of high efficiency “star-
burst” among massive SFGs seems to depend on the
galaxy structure, such that the fraction increases among
compact (or high σint) galaxies (Daddi et al. 2010a;
Elbaz et al. 2011; Narayanan et al. 2012). If that is the
case, compact SFGs have lower gas fractions than other
(extended) SFGs due to a higher SFE. The green lines
in Figure 6 show the evolution of the gas fraction as a
function of M⋆ following the KS relation of Tacconi et al.
(2013) for low (disk-like) and a high (“starburst”) SFEs.
In this case, the difference between the two possibilities
is slightly larger. Within the large scatter, the relation
for disks seems to describe well the observed distribution
for extended SFGs, and the samples from the references,
while the “starburst” relation seems to better match the
estimated gas fractions for compact SFGs.
4.5.2. Comparison to Hydrodynamical simulations
In absence of 2D-kinematic data and gas measurements
to gauge the expected contribution of dark matter and
molecular gas to Mdyn, theoretical models can provide
some insight on the relative contribution of each of these
components. The right panel of Figure 6 shows the dark
matter (circles) and gas (squares) fractions as a function
of the stellar mass for a small sample of simulated galax-
ies at different stages of their evolution. These galax-
ies are drawn from the larger sample of Ceverino et al.
(2010, 2014) and Dekel et al. (2013, also Zolotov et al.
in prep), computed with the Adaptive Refinement Tree
(ART) code (Kravtsov et al. 1997) using a spatial reso-
lution of ∼25 pc (see Ceverino & Klypin (2009) for more
details about the code).
As shown in Barro et al. (2014) and Dekel & Burkert
(2014) these simulated galaxies appear to describe well
the formation of compact SFGs from more extended star-
forming precursors that experience a wet contractions as
a result of mergers, violent disk instabilities or a com-
bination of both. The color-code on the Figure illus-
trates the evolutionary sequence from high-redshift low-
mass galaxy seeds to extended star-forming galaxies on
the verge of (or experiencing) a dissipational contraction
that will transform them into compact SFGs, and finally
quenching(-ed) galaxies running out of gas. The blue
markers indicate approximately the simulated galaxies
at the peak of the compact phase. However, since the
time spent at this phase is short, some of them may al-
ready be on the (green) quenching group. Note also that
simulated galaxies are, by selection, somewhat less mas-
sive than the observed galaxies at the compact phase
(Dekel et al. 2013).
The overall trend in the simulations is qualitatively
similar to the observations, illustrating the formation of
a dense stellar core that becomes self-gravitating (i.e.,
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Fig. 6.— Left: Relative offset from the Mdyn=M⋆ relation (i.e., stellar mass fraction) as a function of stellar mass for compact and
extended SFGs. The markers and the color scheme are the same as in Figure 5. The right y-axis shows the inferred gas fraction assuming a
negligible dark matter fraction, Mdyn=M⋆+Mgas. The error bars in the bottom-right corner indicate the average uncertainty in Mdyn and
M⋆ for compact and extended SFGs. The colored lines show the estimated gas fraction as a function of stellar mass from: (black) the KS
relation (Kennicutt 1998) assuming either a small, re = 1.5 (solid), or a large size, re = 3 (dashed-dotted); (green) the log-linear KS relation
of Tacconi et al. (2013) for low, αCO = 4.36 (light dashed-dotted), and high, αCO = 1 (dark solid), star-formation efficiencies typical of
disk and starburst galaxies, respectively. Compact SFGs may have small gas fractions of ∼ 13% due to their larger masses, smaller sizes
and/or higher SFEs. Right: Estimated gas (square) and dark matter (circle) fractions in a sample of 30 hydro-dynamical simulations from
Ceverino et al. (2010) and Dekel et al. (2013). The color code indicates different evolutionary stages in the simulations starting from diffuse
low-mass galaxies at z = 4 − 5 (gray) to compact SFGs (blue), compact quenching galaxies (green), and finally quiescent galaxies (red).
The overall trend illustrates a similar decline in the gas and dark matter fractions with stellar mass (i.e., evolutionary stage) as in the
observed galaxies. Interestingly, the models predict that the dark matter content dominates over the gas by a factor of ∼ 3− 5 even in the
most gas rich phases.
M⋆ > MDM) at the expense of turning gas into stars in
the innermost region of galaxies. Interestingly, models
predict the dominance of dark matter over gas even at
the low mass end where galaxies are more gas rich (15%
vs. 50%). In extended galaxies turning into compact,
a dissipational wet inflow causes gas (and stars) to mi-
grate inward reaching a steady state in which gas does
not accumulate in the center but slowly decreases be-
ing turned into stars (“bathtub”), thus diluting the dark
matter fraction until it reaches a base value of ∼10% (see
also Zolotov et al. 2014 in prep.). Although the exact
gas and dark matter fractions vary from galaxy to galaxy
the overall trend suggests that the dark matter content
in compact SFGs is not negligible, implying that the gas
fractions inferred in the previous section could be even
smaller.
4.5.3. Quenching timescales for compact SFGs
The close agreement among Mdyn and M⋆ in compact
SFGs implies that their gas and dark matter content
must be small. The large uncertainties in Mdyn prevent
a better constraint on the gas fraction, but as discussed
above, unless all compact SFGs have rare intrinsic kine-
matics (e.g., if they are all edge-on disks), Mdyn is not
underestimated by more than a factor of ×1.3− 1.5 (i.e.,
K = 7 − 8). Furthermore, most of the other complica-
tions such as an underestimated value of re, or an over-
estimated σint would move the galaxies towards smaller
Mdyn and therefore gas fractions.
Taking the 13% gas fraction calculated in § 4.5.1
at face value, and assuming no further gas ac-
cretion onto the galaxy, compact SFGs would
consume their current reservoirs on timescales of
tdep=Mgas/SFR=230
+110
−190 Myr, where the error bars
reflect the uncertainty in Mgas and SFR, as well as the
small number statistics. This value fits well in the range
of predicted quenching timescales required for compact
SFGs to reproduce the increase in the number density
of compact quiescent galaxies from z = 3 to z = 2
(Barro et al. 2013). Note also, that a larger value of K
does not necessarily imply longer quenching times if, as
predicted by the simulations, the dark matter fraction
is larger than the gas fraction in the inner regions of
compact SFGs.
Most of the uncertainties in Mdyn arise from the poor
constrains on the kinematic properties of the galaxies.
This problem shows the obvious need for a detailed anal-
ysis of their resolved kinematics to quantify whether they
are rotating disks or dispersion dominated galaxies. Sur-
veys of Integral Field Spectroscopy aided by adaptive
optics (Law et al. 2009; Newman et al. 2013b; Forster
Schreiber et al. 2014 in prep.) or high spatial resolu-
tion sub-mm observations with ALMA (e.g., Gilli et al.
2014; De Breuck et al. 2014) will shed some light on the
resolved dynamics of compact SFGs providing more pre-
cise estimates of their Mdyn and gas fractions.
4.6. Outflows from Extended Gas Regions?
The unusual formation processes responsible for com-
pact star-forming galaxies might leave an imprint in
their extended gas halos. For example, violent assem-
bly by mergers typically leads to large (>10 kpc) gas ha-
los (Hernquist & Mihos 1995; van Dokkum & Brammer
2010). Similarly, feedback from the X-ray AGNs
frequently present in compact star-forming galaxies
(Barro et al. 2013; Rangel et al. 2014) would produce
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Fig. 7.— Spatial profiles of stacked spectra for both the contin-
uum and [O iii]λ5007 emission line. In both cases, the galaxies are
marginally resolved, with FWHM∼5 pix∼0.′′9: larger than the typ-
ical seeing of 0.′′5− 0.′′7. The [O iii] emission line has very slightly
more flux in the wings of the spatial profile, although the widths
of each profile are not significantly different. In other words, our
data do not show any obvious signs of a massive gas reservoir at
large radii deposited by feedback or inflows.
large extended halos of partially ionized gas, as observed
around nearby quasars (Fu & Stockton 2009). While we
have not found kinematic evidence for inflowing or out-
flowing gas, the gas halos might be kinematically relaxed
but still visible as spatially extended emission lines.
We search for evidence of extended emission line re-
gions in the compact SF galaxies by comparing the spa-
tial extent of the [O iii]λ5007 emission line with the
continuum. For sufficient signal-to-noise, we stack the
spectra of compact SFGs with well-detected [O iii] lines
(IDs 20659, 23896, 25998, 23382, 25952, 26211, 9218).
The stacked two-dimensional spectrum is constructed by
weighting each pixel in each object by the inverse of its er-
ror. The [O iii] region is defined by 5004 < λrest < 5010,
and the continuum by 4750 < λrest < 4851, 4871 <
λrest < 4949, 4969 < λrest < 4997, and 5017 < λrest <
5120. The spatial profiles of the [O iii] emission line and
continuum are shown in Figure 7.
The full-width at half-maxima (FWHMs) of the two
profiles are statistically consistent with one another:
5.5±0.5 pixels for [O iii] and 5.2±0.2 pixels for the contin-
uum. Both translate to about 0.′′9 (using the MOSFIRE
pixel scale of 0.′′18 pix−1), slightly larger than the typi-
cal seeing (0.′′5−0.′′7) of the observations, which indicates
that (at least some of) the galaxies are resolved in the
MOSFIRE spectra. The first moment of the [O iii] line
(2.24± 0.21 pixels) is marginally larger than the contin-
uum (1.94± 0.06 pixels), influenced by the excess [O iii]
flux in the wings of the profile (at 0.′′5−1′′, or ∼5-10 kpc
at z ∼ 2). However the line width difference is not sta-
tistically significant, and thus we conclude that our com-
pact star-forming galaxies show no obvious evidence of
spatially extended excited gas.
5. SUMMARY
Using the Keck-I MOSFIRE infrared spectrograph we
measure integrated velocity dispersions from the emis-
sion lines of 13 massive (log(M/M⊙)∼10.8), dusty (IR-
bright), compact SFGs (Σ1.5 > 10.4) at redshift 2 ≤
z ≤ 2.5 to investigate an evolutionary connection be-
tween them and compact quiescent galaxies at z ∼ 2.
Compact SFGs have large velocity dispersions of σint=
230+40−30 km s
−1 consistent with the absorption-line-based
measurements for a sample of equally massive quiescent
galaxies at z ∼ 2, and both populations follow a simi-
lar, tight (∆log(σint)=0.14 dex), M⋆−σint relation over
∼1 dex in stellar mass. For one compact SFG in com-
mon with Belli et al. (2014b), the gas and stellar velocity
dispersions are consistent at a 1σ level suggesting that
the width of the emission lines traces the gravitational
potential. The dynamical masses of compact SFGs and
quiescent galaxies, are also in excellent agreement and
present a small offset with respect to the Mdyn=M⋆ re-
lation, log(M⋆/Mdyn)= −0.06± 0.2 dex, which contrast
with the larger deviation found in other (extended) SFGs
at the same redshift. These results suggest that: 1) com-
pact SFGs are kinematically relaxed, i.e., the dispersion
is gravitational in origin; 2) the stellar component domi-
nates the gravitational potential, and thus compact SFGs
have only small gas or dark matter fractions. In the ab-
sence of dark matter and further gas accretion, the aver-
age gas fraction in compact SFGs (13+17−13%) imply short
depletion timescales, tdep = 230
+110
−190 Myr.
The excellent agreement in the stellar and dynami-
cal masses, structural properties and kinematic prop-
erties of compact SFGs and quiescent galaxies, jointly
with the a priori short quenching timescales, provide fur-
ther support to the evolutionary sequence proposed in
Barro et al. (2013, 2014, also Dekel&Burkert 2014), in
which compact SFGs are the immediate progenitors of
compact quiescent galaxies at z ∼ 2.
This is the first observational effort aimed at studying
the kinematics of massive compact SFGs, which represent
a key phase in the formation of quiescent galaxies, but
are typically absent from current spectroscopic surveys
at z ∼ 2. Our results open the door to a better char-
acterization of these galaxies, which would require di-
rect measurements of their intrinsic kinematics, currently
unresolved in seeing-limited observations. This can be
achieved either with AO-assisted NIR spectroscopy or
high-resolution sub-mm observations with ALMA.
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